Structural Biology and Crystallization Communications
Acta Crystallographica Section F: Structural Biology and Crystallization Communications is a rapid all-electronic journal, which provides a home for short communications on the crystallization and structure of biological macromolecules. It includes four categories of publication: protein structure communications; nucleic acid structure communications; structural genomics communications; and crystallization communications. Structures determined through structural genomics initiatives or from iterative studies such as those used in the pharmaceutical industry are particularly welcomed. Section F is essential for all those interested in structural biology including molecular biologists, biochemists, crystallization specialists, structural biologists, biophysicists, pharmacologists and other life scientists.
Haloalkane dehalogenases make up an important class of hydrolytic enzymes which catalyse the cleavage of carbon-halogen bonds in halogenated aliphatic compounds. There is growing interest in these enzymes owing to their potential use in environmental and industrial applications. The haloalkane dehalogenase DhaA from Rhodococcus rhodochrous NCIMB 13064 can slowly detoxify the industrial pollutant 1,2,3-trichloropropane (TCP). Structural analysis of this enzyme complexed with target ligands was conducted in order to obtain detailed information about the structural limitations of its catalytic properties. In this study, the crystallization and preliminary X-ray analysis of complexes of wildtype DhaA with 2-propanol and with TCP and of complexes of the catalytically inactive variant DhaA13 with the dye coumarin and with TCP are described. The crystals of wild-type DhaA were plate-shaped and belonged to the triclinic space group P1, while the variant DhaA13 can form prism-shaped crystals belonging to the orthorhombic space group P2 1 2 1 2 1 as well as plate-shaped crystals belonging to the triclinic space group P1. Diffraction data for crystals of wild-type DhaA grown from crystallization solutions with different concentrations of 2-propanol were collected to 1.70 and 1.26 Å resolution, respectively. A prism-shaped crystal of DhaA13 complexed with TCP and a plate-shaped crystal of the same variant complexed with the dye coumarin diffracted X-rays to 1.60 and 1.33 Å resolution, respectively. A crystal of wild-type DhaA and a plateshaped crystal of DhaA13, both complexed with TCP, diffracted to atomic resolutions of 1.04 and 0.97 Å , respectively.
Introduction
Haloalkane dehalogenases (EC 3.8.1.5) belong to the /-hydrolase superfamily of enzymes (Ollis et al., 1992; Nardini & Dijsktra, 1999) and catalyze the hydrolytic conversion of a broad spectrum of halogenated aliphatic hydrocarbons. The dehalogenation reaction that is catalyzed by these enzymes proceeds via covalent alkyl-enzyme intermediates in two consecutive chemical steps: (i) the formation of the intermediate by bimolecular nucleophilic substitution and (ii) the hydrolysis of the intermediate by nucleophilic addition (Janssen, 2004) . The three products of the reaction are an alcohol, a halide ion and a proton. Haloalkane dehalogenases (HLDs) catalyze reactions of great environmental and biotechnological significance and find application in the bioremediation of various pollutants (Stucki & Thuer, 1995) , the decontamination of warfare agents (Prokop et al., 2005 (Prokop et al., , 2006 , the biosensing of toxic compounds (Campbell et al., 2006; Bidmanova et al., 2010) and the biosynthesis of optically pure compounds (Prokop et al., 2004 Janssen, 2007) .
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The catalytic residues of DhaA comprise a catalytic pentad: a nucleophile, a base, a catalytic acid and a pair of halide-stabilizing residues: Asp-His-Glu + Asn-Trp. Catalysis proceeds via the nucleophilic attack of the carboxylate O atom of an aspartate group on the C atom of the substrate, yielding the displacement of the halogen atom as a halide, and the formation of a covalent alkylenzyme intermediate (Fig. 1) . The alkyl-enzyme intermediate is subsequently hydrolyzed by a water molecule that is activated by a histidine. A catalytic acid stabilizes the charge developed on the imidazole ring of the His during the hydrolytic reaction. Since the formation of enzyme-substrate complexes inside a crystal is often difficult, the variant DhaA13, in which the catalytic histidine was replaced by a phenylalanine, was constructed so that the catalytic cycle would be terminated after the first reaction step at the stage of the alkyl-enzyme intermediate.
In this work, we report the crystallization and initial X-ray diffraction characterization of wild-type DhaA and its variant DhaA13 in complex with the environmental pollutant trichloropropane (TCP). Furthermore, we describe the crystallization of DhaA13 in complex with the fluorescent dye coumarin. The complex with coumarin, in which the dye is specifically located in the tunnel mouth of the DhaA13 enzyme, was used in time-resolved fluorescence spectroscopy to monitor the hydration, accessibility and mobility of the dye and its microenvironment in the protein (Jesenska et al., 2009) . Finally, we studied the complex of wild-type DhaA with 2-propanol. As the technological utility of enzymes can be improved greatly by using them in organic co-solvents, rather than in their natural aqueous reaction media (Klibanov, 2001; Carrea & Riva, 2000) , a systematic study of the effects of various organic co-solvents on the structure and activity of three different HLDs was initiated (Stepankova et al., unpublished work). Here, we describe the complexes of wild-type DhaA with two different concentrations of 2-propanol to investigate the ability of the solvent to access the enzyme active site and its effect on the enzyme structure.
Materials and methods

Site-directed mutagenesis, protein expression and purification
Wild-type DhaA was expressed in Escherichia coli BL21 cells and was purified using immobilized metal-affinity chromatography as described previously (Pavlova et al., 2009) . The recombinant gene carrying the single point mutation H272F was obtained using the QuikChange Site-Directed Mutagenesis Kit (Strategene, La Jolla, USA) according to the manufacturer's instructions. The resulting DhaA13 protein variant was also overexpressed in E. coli BL21 cells and purified using the same protocol as for the wild type (Jesenska et al., 2009) . The active fractions of both proteins were pooled and dialyzed overnight against 50 mM Tris-HCl buffer pH 7.5. Protein concentrations were determined by the method of Bradford (1976) . The purity and size of both enzymes were verified by SDS-PAGE.
Crystallization
All crystallization experiments were performed at 277 K in Emerald BioStructures CombiClover Crystallization Plates (Emerald BioSystems, Bainbridge Island, USA) using the sitting-drop vapourdiffusion method (Ducruix & Giegé, 1999) .
Wild-type DhaA protein was crystallized at a concentration of 10 mg ml À1 in 50 mM Tris-HCl buffer pH 7.5. Colourless crystals with dimensions of 0.17 Â 0.05 Â 0.03 mm ( 100 mM sodium acetate salt. In all three cases, 1 ml protein solution was mixed with an equal volume of crystallization solution and the drops were equilibrated over 700 ml reservoir solution.
Microcrystals of DhaA13 (Fig. 2d) were obtained in 2 d by mixing 1 ml protein solution at a concentration of 10 mg ml À1 in 50 mM TrisHCl buffer pH 7.5 with 1 ml precipitant solution consisting of 100 mM sodium cacodylate pH 6.4, 29%(w/v) PEG 8000 and 200 mM sodium acetate. The microcrystals were optimized by microseeding (Bergfors, 2003) .
Small protein crystals from several drops were transferred into 20 ml of a stabilizing solution consisting of 75 mM sodium cacodylate pH 6.4, 22%(w/v) PEG 8000 and 150 mM sodium acetate and were stored at 277 K. Before setting up crystallization trials, the stabilizing solution containing crushed protein microcrystals was diluted tenfold. 0.3 ml of the prepared seed solution was added to a drop that had been equilibrated for 1 d consisting of 2 ml protein solution at a concentration of 5 mg ml À1 in 50 mM Tris-HCl buffer pH 7.5 and 2 ml crystallization solution consisting of 100 mM sodium cacodylate pH 6.4, 29%(w/v) PEG 8000 and 200 mM sodium acetate. All drops were equilibrated against 600 ml reservoir solution. After several cycles of microseeding, plate-shaped crystals with dimensions of about of 0.12 Â 0.1 Â 0.02 mm (Fig. 2e) were obtained.
The same crystallization conditions that produced microcrystals of DhaA13 yielded crystals of another shape. Three months after the experiment had been set up, prism-shaped crystals of DhaA13 with dimensions of 0.24 Â 0.12 Â 0.07 mm (Fig. 2f) were observed in the drops.
Diffraction data collection and processing
The data-collection and processing statistics for wild-type DhaA and DhaA13 in complex with ligands are summarized in Tables 1 and  2, respectively. 2.3.1. Wild-type DhaA with 6%(v/v) 2-propanol. Diffraction data for wild-type DhaA crystals grown from solution containing 6%(v/v) 2-propanol were collected on the home diffractometer equipped with a MAR345 image-plate system using a Nonius FR591 rotating-anode generator (Bruker AXS) at the Institute of Molecular Genetics AS CR in Prague (Czech Republic). To ensure complete data, two crystals were flash-cooled to 120 K in a nitrogen stream without additional cryoprotection and were measured in different orientations. The data were scaled and merged together. These crystals diffracted to a resolution of 1.75 Å .
2.3.2. Wild-type DhaA with 11%(v/v) 2-propanol. Diffraction data from a crystal of wild-type DhaA grown from solution containing 11%(v/v) 2-propanol were collected on EMBL Hamburg beamline X12 (DESY, Hamburg, Germany) using a MAR CCD 225 mm detector. The crystal was mounted in a nylon loop (Teng, 1990 ) and flash-cooled in a nitrogen stream at 100 K without additional cryoprotection. Low-resolution and high-resolution passes were collected at crystal-to-detector distances of 300 and 100 mm, respectively. The crystal diffracted to a maximum resolution of 1.26 Å . The data were processed using the HKL-2000 program package (Otwinowski & Minor, 1997) . The redundancy-independent merging R factor (R meas or R r.i.m. ; Diederichs & Karplus, 1997; Weiss, 2001 ) was calculated with the RMERGE program (Weiss, 2001) .
2.3.3. Wild-type DhaA in complex with TCP. A crystal of wild-type DhaA complexed with TCP was soaked for 10 s in a solution consisting of 10%(v/v) PEG 400 in reservoir solution and was subsequently flash-cooled to 100 K in a nitrogen stream. The crystal diffracted to 1.04 Å resolution and data were collected in three passes on BESSY II beamline 14.1 in Berlin, Germany. Low-resolution and high-resolution passes were recorded at distances of 96.5 and 92 mm, respectively. A third pass was collected after reorienting the crystal by about 30 using the available kappa goniometry, with a crystal-todetector distance of 92 mm. Images were indexed, integrated and scaled using the XDS program package (Kabsch, 1993 (Kabsch, , 2010a .
DhaA13 variant in complex with TCP (crystal soaked for 3 h).
Soaking experiments of DhaA13 crystals with TCP were performed at room temperature. 50 ml TCP was added to the reservoir solution and after 3 h of soaking a crystal without additional cryoprotection was used for diffraction experiments on beamline X12 of the DESY synchrotron (Hamburg, Germany). This crystal diffracted to a maximal resolution of 1.60 Å . The diffraction data set was indexed and integrated with XDS and was scaled using SCALA from the CCP4 program suite (Collaborative Computational Project, Number 4, 1994). mounted in a nylon loop and flash-cooled to 100 K in a nitrogen stream without additional cryoprotection. Diffraction data were collected to 0.97 Å from the soaked DhaA13 crystal in three passes on beamline 14.1 at the BESSY II synchrotron in Berlin: lowresolution and high-resolution passes with the MAR CCD detector set to 180 and 93 mm, respectively, and a third pass in which the angle was changed to 114 with a crystal-to-detector distance of 93 mm. The data sets for DhaA13 in complex with TCP were indexed, integrated and scaled using the XDS program package.
2.3.6. DhaA13 variant in complex with coumarin dye. To obtain the complex of DhaA13 with coumarin dye, 0.5 ml 10 mM HaloTag Coumarin Ligand (Promega Corporation, Madison, USA) was added to drops containing crystals for 10 min. Most of the crystals cracked during the soaking test. A diffraction data set from an intact crystal was collected to a resolution of 1.33 Å on beamline X12, DESY, Hamburg. The data were processed with HKL-2000 and R meas /R r.i.m. was obtained using the program RMERGE.
Results and discussion
Crystallization and characterization of wild-type DhaA
The crystallization conditions that were successfully used for the previously studied mutants DhaA14 and DhaA15 (Stsiapanava et al., 2008) were applied to wild-type DhaA. Variation of the 2-propanol content in the crystallization mixture resulted in crystals of wild-type DhaA from solutions containing 6%(v/v) and 11%(v/v) 2-propanol. Increasing the PEG concentration in the crystallization mixture and replacing 2-propanol by TCP, which is a known substrate of this enzyme, resulted in the growth of wild-type DhaA plate-shaped crystals which differed in morphology from the crystals grown from solutions containing 2-propanol.
Crystals of wild-type DhaA grown from the solution containing 6%(v/v) 2-propanol were used for data collection at a home source and a complete data set was collected to 1.75 Å resolution. The crystals belonged to the triclinic space group P1. Based on the molecular weight of the protein (34 kDa, including the six amino acids of the histidine tag) and the volume of the asymmetric unit, the Matthews coefficient (V M ; Matthews, 1968 ) is 2.17 Å 3 Da À1 and the solvent content is 43.5%, assuming the presence of one molecule in the asymmetric unit.
Single crystals of wild-type DhaA obtained from solutions containing 11%(v/v) 2-propanol and 6%(v/v) TCP were used for synchrotron diffraction measurements and diffracted to resolutions of 1.26 and 1.04 Å , respectively. The diffraction patterns indicated that the two crystals both belonged to the triclinic space group P1. For completeness, the triclinic crystal of DhaA in complex with TCP was reoriented during data collection by changing the angle of the goniostat (Dauter, 1999) . Assuming the presence of one molecule in the asymmetric unit yields Matthews coefficients (V M ) of 2.00 and 1.99 Å 3 Da À1 with 38.5 and 38.3% solvent content for the crystals of wild-type DhaA grown from crystallization solutions containing 11%(v/v) 2-propanol and 6%(v/v) TCP, respectively.
All data-collection and processing statistics are given in Table 1 . Based on commonly accepted quality indicators such as R merge , R meas /R r.i.m. and hI/(I)i, the data sets show above-average quality. Despite the low-symmetry space group P1, the high-resolution shells of the data sets show completeness close to or above 90%. A plate-shaped crystal of DhaA13 was soaked with TCP for 40 h and diffracted to 0.97 Å resolution. Another DhaA13 crystal of the same shape was soaked with coumarin dye for 10 min and data were collected to a resolution of 1.33 Å . Data sets were processed in the triclinic space group P1, with one molecule in the asymmetric unit in both cases. The calculated value of the Matthews coefficient (V M ) for DhaA13 in complex with TCP is 2.08 Å 3 Da À1 and the solvent content is 41.0%. The Matthews coefficient (V M ) for DhaA13 in complex with coumarin dye was calculated as 2.06 Å 3 Da
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À1
, which corresponds to a solvent content of 40.4%.
The data-collection and processing statistics for the DhaA13 crystals are listed in Table 2 . Similarly to the case of the wild-type DhaA protein crystals, the orthorhombic and triclinic crystals of DhaA13 demonstrated high completeness and good characteristics for the R factors and hI/(I)i. The high R factors of triclinic DhaA13 in complex with TCP in the outer resolution shells are a consequence of both counting statistics and slowly accumulating radiation damage (Diederichs, 2006) . Nevertheless, it was essential to include the complete third pass in the final data set in order to ensure high completeness.
Preliminary determination of protein structures
The structures of wild-type DhaA and variant DhaA13 were solved by molecular replacement with the program MOLREP (Vagin & Teplyakov, 2010) using the coordinates of R. rhodochrous haloalkane dehalogenase (PDB code 3fbw; Stsiapanava et al., 2010 ) as a search model. Structure refinement of the presented proteins and their complexes are currently in progress.
